A distribution static compensator (D-STATCOM) is a custom power device connected in parallel to a power system to address electric power quality problems caused by reactive power and harmonics. To obtain high performance from a D-STATCOM, the D-STATCOM's dq-axis currents must be controlled in an internal control loop. However, control of the D-STATCOM's currents is difficult because of its nonlinear structure, cross-coupling effect between the dand q-axis, undefined dynamics, and fast changing load. Therefore, the controller to be preferred for a D-STATCOM should have a nonlinear and robust structure. In this study, a neuro-fuzzy controller (NFC), which is a robust and 
Introduction
The widespread use of power electronic-based equipment and nonlinear and inductive loads have brought power quality problems in distribution systems. The adverse effects of power quality problems are well known. Conventional compensators such as fixed capacitor and reactor banks and static VAR compensators have been widely used for improvement of electric power quality. With the advancement of microprocessor and semiconductor technology, inverter-based custom power devices have been introduced in distribution systems.
A distribution static compensator (D-STATCOM) is an inverter-based custom power device and meets the load current compensation requirements such as reactive power compensation, load balancing, and harmonic elimination, as well as voltage regulation under balanced and unbalanced loads [1] [2] [3] [4] .
The control algorithm is the most important part of a D-STATCOM used for dynamic control of * Correspondence: hakanacikgoz@kilis.edu.tr reactive power. The best compensation effect can be obtained by control of the D-STATCOM properly [2, 5] .
Conventionally, control of a D-STATCOM is realized by proportional integral (PI) controller(s) designed by means of linear control methods. There are many studies in the literature on PI controller design for D-STATCOM control. In [6] , a PI controller was designed by linearizing equations of a phase angle-controlled STATCOM at a specific operating point and neglecting the mathematical model of the inverter. In another work, an AC and DC side mathematical model of a three-phase AC-DC voltage source converter (VSC) was derived and dq-axis current and DC voltage control were carried out with a PI controller designed by eliminating cross-coupling terms [7] . The parameters of the digital PI controller were tuned using the mathematical model of the D-STATCOM in [8] and a PI controller design for a D-STATCOM was given in [9] . In [10] , a controller design procedure was given for a cascaded-multilevel converter-based STATCOM. In addition, linear quadratic regulator (LQR) and pole placement approaches were proposed in [11] . In these studies, the controller was designed with some assumptions and some neglected points. Therefore, the best possible performance from a D-STATCOM might not be able to be obtained from designed controllers for different operating points.
As an alternative to linear control methods, nonlinear and adaptive control methods have been proposed to improve the dynamic compensation performance of D-STATCOMs. Feedback linearization was used to design a nonlinear controller for STATCOM in [12, 13] . Nonlinear passivity-based approaches were proposed in [14, 15] , while an H ∞ control approach was proposed in [16] . Another study covering nonlinear controller design based on differential algebra for a STATCOM was also presented in [17] . A sliding-mode controller was proposed in [18, 19] . In such nonlinear control methods, an exact mathematical model and accurate system parameters are required. Unfortunately, the mathematical model of the D-STATCOM could not be exactly obtained because a D-STATCOM is a system that has a semidefined structure and parameter variations. The design of these controllers is complex. The controller parameters can be updated by using adaptive control methods in real time [20] . When designing the controller for industrial processes by means of above-mentioned control methods, a dynamic model of the system to be controlled is needed. Sometimes, the model of a system may not be possible in practice. There are some processes for which the parameters may be changed from time to time. Recently, systems having semidefined and nonlinear structures and variation of parameters have been controlled by intelligent controllers such as fuzzy logic controllers (FLCs) or artificial neural networks (ANNs) [21] . In the literature, ANN-based control algorithms in [22] [23] [24] and FLC-based control algorithms in [25] [26] [27] were proposed. It is well known that there are some difficulties in the design of both controllers. There is no standard method for determining the rule base, span, and shape of the memberships in the design of FLCs, whereas the number of hidden layers as well as the number of hidden neurons are determined by trial and error in the design of ANN controllers [28] .
A neuro-fuzzy controller (NFC) is a combination of an FLC and ANN, where the FLC functions are performed by the ANN. Problems encountered in the design of ANNs and FLCs could be eliminated by using NFC structures. In addition, the NFC does not need a mathematical model of the system to be controlled.
Several studies on NFC control of STATCOMs/D-STATCOMs have been presented in the literature. In [29] , an NFC was designed for external control of a STATCOM to improve damping of the rotor speed deviations of its neighboring generators in a 12-bus benchmark power system and obtained simulation results were given. In [30] , an NFC was also used for external control of a STATCOM. Although there are a few simulation studies related to external control of STATCOMs based on NFCs, there are no experimental or simulation studies on internal control of D-STATCOMs based on NFCs.
In this paper, the dq-axis current of a D-STATCOM is controlled by a nonlinear control strategy-based A simple VSI produces a square voltage waveform when it switches the DC voltage on and off. It must produce a near sinusoidal AC voltage with minimal waveform distortion [32] . To obtain a fast response from the D-STATCOM, the inverter must be operated at high switching frequency. Total harmonic distortion of inverter output voltage can also be decreased depending on switching frequency. Therefore, PWM inverters are more suitable for D-STATCOM applications [33] . However, there are some limitations in operating at high switching frequency of two-level PWM inverters such as switching losses and constraints of the device rating itself [34] . Depending on the inverter structure and compensation requirements, the semiconductor switches on the inverter can be controlled by various techniques [35] .
Recently, multilevel inverters with advantages such as direct connection to the distribution system and improvement of the harmonic content of output voltage compared with conventional two-level PWM inverters operating in the same switching frequency have been used in D-STATCOM applications. Cascaded multilevel inverters among multilevel inverter topologies are the most popular topology because of using the smallest number of components and the flexibility of the circuit layout. Cascaded inverter topology is based on the series connection of H-bridges with separate DC sources. In this inverter structure, the number of output voltage levels can be easily increased by adding or decreased by removing the H-bridges [36] . Today, three-level H-bridge inverters can be connected to distribution systems without using step-down transformers because of commercially available IGBTs with high voltage and current ratings. Therefore, the inverter can be connected to the grid via coupling inductance. The structure of the three-level H-bridge inverter-based D-STATCOM is shown in Figure 1 . As shown in Figure 1 , H-bridges are connected to the power grid by means of a coupling inductance at the PCC and one H-bridge unit is used for each phase. DC voltages for these H-bridges are provided by DC-link capacitors. 
Here, Q is reactive power generated/absorbed by the D-STATCOM, X is the reactance of coupling inductance, and δ is the phase angle between the fundamental voltage of the D-STATCOM and the grid. In D-STATCOM operation, DC-link voltages are held by DC-link capacitors. Since there is no energy source connected to the DC-link, net active power transacted by the D-STATCOM must be zero. In practice, energy losses occur in capacitors and inverter switches. If these losses are not supplied from the grid, the capacitors will discharge. To prevent discharging of capacitors, some active power must be drawn from the grid. Active power absorbed by the D-STATCOM is calculated as follows:
Here, P is active power generated/absorbed by D-STATCOM. From Figure 1 , the circuit equation of the AC side of the H-bridge inverter-based D-STATCOM in abc coordinates can be written as follows:
Here, V sabc is AC grid voltage, V iabc is inverter output voltage, i sabc is AC output currents of the inverter, L s is coupling inductance, and R s is internal resistance of coupling inductance. Three-phase systems are conventionally modeled and controlled in the dq-coordinate system. This transformation has advantages such as mapping onto two variables three variables of the original coordinates and independent control of active and reactive components by using these variables [38] . Therefore, the circuit equation of the D-STATCOM's AC side in abc coordinates is converted to dq-axis coordinates. For this aim, both sides of Eq. (3) are multiplied by transformation matrix K given in Eq. (4):
Here, ω is angular frequency of the AC grid. Circuit equations of the D-STATCOM in dq-axis coordinates are obtained as follows [38] :
Here, V sd and V sq are dq-axis components of AC grid voltage, V id and V iq are dq-axis components of inverter voltage, and i d and i q are dq-axis currents of the inverter. V id and V iq are also defined by Eq. (7):
In Eq. (7), M a is the modulation index and V DC is the DC-link voltage of the inverter. The DC-link current in the dq-axis is expressed as follows:
The DC-side dynamic model of the D-STATCOM in the dq-axis is obtained by using Eq. (8) as follows:
The AC side dynamic model of the D-STATCOM in the dq-axis is presented by Eq. (5) and Eq. (6) and the DC side dynamic model of the D-STATCOM in the dq-axis is presented by Eq. (9).
Structure of neuro-fuzzy controller
The FLC is able to make inferences from expert knowledge and the ANN has feature abilities such as learning, generalization, and adaptation. The NFC is an intelligent control method combining features of the FLC and ANN. Basically, the NFC is based on the principle implemented by ANN for the functions of the FLC [39] .
Therefore, NFCs show features of a nonlinear controller that has abilities such as learning, adaptation, and ability to make inferences. In addition, NFCs do not need a mathematical model of the system to be controlled. These features make NFCs superior when compared with other conventional controllers.
In this study, an NFC with two inputs and one output is used for the control of the D-STATCOM's dq-axis currents. Error of the d-axis current and change in error are given as inputs to the NFC used for control of the d-axis current. The q-axis current is controlled by an NFC in a manner similar to the control of the d-axis current. For an NFC with singleton rules, a common rule set with two fuzzy if-then is given as follows [40] :
Here, X 1 and X 2 are input variables, y is the output variable, and there are linguistic terms of the precondition part with membership functions and ω j is a real number of the consequent part. The structure of the neuro-fuzzy network used in this study is shown in Figure 2 . Inputs of NFCs used in dq-axis current control are chosen as the error of d-and q-axis current and change of these errors, as given Eqs. (11) and (12):
Here, e is current tracking error, ∆e is changing of the current tracking error, and i * dq is the reference currents for the d-and q-axis, respectively. Functions of each layer of the NFC given in Figure 2 are briefly described below [41] .
• Layer-I bypasses input signals to the next layer, i.e. y 1 i =net 1 i , where net I i is the ith input to the node of Layer-I, which includes current error X 1 = e and the change of the error X 1 =∆e .
• Layer-II calculates the degree of membership functions for the input values. A Gaussian function is utilized to represent the membership functions. The weights between the input and membership layer are assumed to be unity. The output of this layer is expressed as:
where σ ij and m ij are the standard deviation and mean of the Gaussian function in the jth term of the ith input node.
• Layer-III of the NFC includes the fuzzy rule base. Each node takes two inputs, one from the membership value for the current error and the other from the membership value for the change in current error. For the kth rule node:
where X 3 j represents the j th input to the node of the rule layer and w 3 jk is assumed as unity.
• Layer-IV consists of a single node and collects all incoming signals from the rule layer to obtain the results:
Here, the link weights w 4 ko represent the output action of the kth rule. The output of the system using central defuzzification for the Mamdani fuzzy model is given as [39] :
Steady-state error in the output of the NFC is eliminated by using an external integrator. Thus, the desired inverter dq-axis voltages are obtained from integrated outputs of current controllers. The NFC can adjust the fuzzy control rules by modifying the output weights. The parameters of the membership functions and the output weights of the NFC are modified using the backpropagation algorithm to minimize the performance index E:
The w 4 ko parameter in Eq. (17) can be modified as follows:
where γ is the learning rate. The gradient of performance index E can be derived as follows:
where
should be calculated using the D-STATCOM dynamics. The gradient of performance index E for the parameters of membership functions can be written as follows:
The proposed control structure for the D-STATCOM
Different control algorithms such as phase angle control, constant DC-link schema, and direct and indirect current control methods have been proposed for reactive power control of D-STATCOMs [37] . The indirect current control method has advantages such as using the fixed switching frequency, realizing the complete reactive power compensation, independent control of active and reactive power, and incorporating the selfsupporting DC-link [42] . Therefore, an indirect current control method is preferred in this study.
A complete block diagram of the control unit is shown in Figure 3 . In this figure, a three-phase software phase locked loop (SPLL) is used to synchronize inverter voltage with the grid voltage. The abc/dq0 transform block converts three-phase currents to the reference synchronous rotating frame. DC-link voltage is controlled with a conventional PI controller because of the slow dynamics of the DC side. In DC voltage control, the average value of three DC-link capacitor voltages is used. This average DC voltage value is compared with the reference DC voltage value. The DC voltage error obtained is fed to the PI controller. The reference value for d-axis current is obtained from the output of this controller. For changing the AC grid voltage or reactive loads, a setpoint for q-axis current is set by the user as a step command. Therefore, there is no need for an AC voltage/reactive power controller.
The NFC regulates the d-and q-axis currents. Error and change in the error are used as inputs to the NFCs. An anti-wind-up integrator is utilized in the outputs of NFCs to limit the output of the controller and compensate for steady-state error. The integrated outputs of current controllers represent reference values for d-and q-axis components of inverter voltage V id and V iq . The phase angle and modulation index are calculated from these terms and then three-phase modulation signals are produced by using phase angle and the modulation index.
Experimental results
The experimental setup of the D-STATCOM is shown in Figure 4 . The experimental setup consists of four main parts: the power circuit, DS1103 controller card, measurement and protection circuits, and gate drive The NFC is trained using the simulation model, which is verified by the experimental data obtained from the D-STATCOM, and then the trained NFC is used in experimental study. Real-time values of the physical system variables can be assigned to the user-defined variables using the dSPACE ControlDesk Developer software. In addition, the graphical user interface can be designed by the user to observe the real-time values of the variables or to change the input variables such as reactive current setpoint. Before start-up of the D-STATCOM, the AC grid voltage is adjusted to 200 V by means of an autotransformer to charge the DC-link capacitors. In addition, precharge resistances in series with the DC-link capacitors are connected to limit the initial charging current and then these resistances are bypassed after initial charging of the DC-link capacitor. The parameters of the power circuit are listed in the Table. Detailed information regarding selection of the capacitor and inductor can be founded in [43] . Dynamic compensation performance of the NFC current-controlled D-STATCOM is evaluated for different setpoints of i qref . First, the reactive current setpoint for i qref is changed from standby mode to inductive mode (0 A to -20 A) in the dSPACE ControlDesk environment. This case is presented as Mode-1 in the experimental results.
Then it is changed from standby operation mode to capacitive operation mode (0 A to 20 A). This mode is depicted as Mode-2 in the experimental results. Three DC-link capacitor voltages, phase angle, q-axis current, and AC side current-voltage for different operation conditions mentioned above are depicted in Figure 5 . As shown in Figure 5 , DC-link capacitor voltages track the setpoint under two operation conditions. In addition, it is seen in Figure 5 that fluctuations in DC-link voltage are higher in capacitive mode. This is due to the longer turn-on duration of inverter switches in capacitive mode than inductive mode. Thus, much more second current harmonic is drawn from the DC-link capacitors. The phase angle is a lower value in capacitive operation mode when compared with inductive operation mode so that active power flowing to the inverter remains constant. The reactive current quickly tracks its setpoint without overshooting in both operating modes. Furthermore, the inverter operates with a lower modulation index M a in inductive operation mode compared with standby operation mode, whereas there is a higher modulation index M a in capacitive operation mode compared with standby operation mode. In addition, there is no steady-state error in DC-link voltages and reactive current components for each operation mode.
The performance of the D-STATCOM with NFC current controlled is also evaluated for transition from inductive operation mode to capacitive operation mode and vice versa. For these operation modes, the reference reactive current command is changed from -20 A to 20 A. This operation mode is presented as Mode-3. In addition, the reactive current setpoint is changed from 20 A to -20 A. This operation mode is Mode-4. The experimental results obtained from these operation conditions are depicted in Figure 6 . It is seen that DC-link voltages are balanced and they are held at the reference value. These figures show that the reactive current is at its reference value in spite of the worst operating conditions (inductive operation mode to capacitive operation mode and vice versa). Since the DC-link voltage is constant in the indirect current control technique, reactive power exchange between the D-STATCOM and AC grid is carried out by changing modulation index M a . Compared with standby mode, M a has a lower value in inductive operation mode and a higher value in capacitive operation mode. It is seen that the D-STATCOM operates with a higher modulation index in capacitive operation mode to increase the amplitude of the inverter output voltage. In addition, there is no DC voltage error and reactive current error in steady state in both operating modes. Investigating the AC side voltage and current for phase-a, there is no current flowing until the reference reactive current command is 
90
• with respect to its voltage for inductive operation mode and after the reference reactive current command is changed from -20 A to 20 A the AC side current of the D-STATCOM is leading by about 90
• with respect to its voltage.
Conclusion
In this paper, a D-STATCOM's dq-axis current is controlled by using an NFC. The performance of the NFC current-controlled D-STATCOM is evaluated for different operation modes. Operation modes are considered as standby mode to inductive operation mode, standby mode to capacitive operation mode, inductive operation mode to capacitive operation mode, and capacitive operation mode to inductive operation mode. Responses of the D-STATCOM's reactive current and DC-link voltages are investigated under these operation conditions. The NFC current-controlled D-STATCOM provides good dynamic response and tracking ability under all operation conditions. Experimental results show that the NFC current-controlled D-STATCOM can provide the desired exact and fast reactive power within its own rated power limits even in the worst operation conditions. 
